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Abstract The top quark is the heaviest known elementary particle, and it is often seen as a
window to search for new physics processes in particle physics. A large program to study the
top-quark properties has been performed both at the Tevatron and LHC colliders by the D0,
CDF, ATLAS and CMS experiments. The most recent results are discussed in this review.
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1 Introduction
The top quark was discovered in 1995 (1) (2). It is the heaviest known particle,
with a mass nearly equal to a tungsten atom. Despite the incredible energy
required to produce these heavy particles, measurements of top quark properties
have been consistent with the Standard-Model theory of particle physics (SM).
However, the top quark often receives special attention in new physics models
because its mass requires near unity coupling to the Higgs boson. This property is
very unique among particles; therefore, studying the properties of the top quark is
an important enterprise in both measuring the SM and searching for new physics.
2
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In this article, we will review the properties of the top quark including its mass
and its charge as well as the properties of top quark decays and production.
The properties of the top quark have been studied by the CDF and D0 ex-
periments at the Tevatron Collider at Fermilab, and by the ATLAS and CMS
experiments at the Large Hadron Collider (LHC) at CERN. The Tevatron Col-
lider was a proton-antiproton collider which operated at center of mass energies
of 1.8 TeV and 1.96 TeV. The LHC is a proton-proton collider which has op-
erated at center of mass energies of 7 TeV and 8 TeV. The CDF, D0, ATLAS,
and CMS detectors all measure charged particle momenta with central magnetic
fields and charged particle tracking detectors. All four experiments also have
vertex detectors to aid in the identification of bottom quarks as well as electro-
magnetic and hadronic calorimeters for measuring electrons, photons, and jets.
All the calorimeters are sufficiently hermetic so that missing transverse energy
in an event can be determined. The detectors also have extensive muon detec-
tion systems located outside the calorimeters. Detailed descriptions of the four
detectors can be found elsewhere. (3) (4) (5) (6).
At both the Tevatron and the LHC, top quarks are produced primarily by
the strong force in top quark-antitop quark (tt¯) pairs. At the Tevatron, quark-
antiquark scattering dominates the top-antitop quark (tt¯) production cross sec-
tion, while at the LHC, with its higher center of mass energy and no valence
antiquarks, gluon-gluon scattering dominates. The tt¯ signatures are classified ac-
cording to the decays of the W bosons that come from tt¯ decay. If both W bosons
decay hadronically, the channel is called the alljets final state. The `+jets chan-
nel occurs when one W boson decays leptonically (into a muon or an electron)
and the other one hadronically. Finally when both W bosons decay leptonically,
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it is called the `` channel.
2 Top-Quark Intrinsic Properties
2.1 Mass
The mass of the top quark (mt) is a key parameter of the SM. It is not predicted
by the model and its large value is affects many of the observables in top quark
production and decay. The large mt is also responsible for large contributions to
quantum loop corrections to electroweak observables. For example, together with
the mass of the W boson, mt predicts the mass of the Higgs boson in the SM. This
indirect determination can now be compared with the direct measurement of the
Higgs boson mass to test the consistency of the SM. In addition the mass of the
top quark and the Higgs boson are the two parameters that govern the shape of
the Higgs potential at high energy, allowing to answer the fundamental question
of the vacuum stability of our universe. For all these reasons experimentally
determining mt as precisely as possible is highly important.
Since the discovery of the top quark, measurements of mt have continually
improved. First determined at the Tevatron, mt is now being measured both
at the Tevatron and at the LHC with a precision of around 1 GeV. Due to this
precision, the top quark has the best-known mass of all the quarks. This pre-
cision was achieved largely through innovative analysis techniques including the
introduction of the so-called in-situ jet calibration. This method is only appli-
cable to decay channels where at least one of the W bosons from the top quark
decays hadronically. In this technique, one calibrates the jet energy corrections
by constraining the invariant mass of the two jets from the W boson to the world
average measured value of the W boson mass. Doing so significantly reduces the
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associated systematic uncertainty.
There are three main ways to measure mt: (a) the template method, (b) the
matrix element (ME) method, and (c) the ideogram method. Recently alternative
methods have also become important (see below).
The simplest method to measure mt is the template method, which relies on
comparing the chosen variable that is sensitive to mt in data with the Monte
Carlo (MC) distributions (templates) generated for different values of mt. This
observable is often the reconstructed mt itself. A maximum likelihood fit is then
performed to determine the mt value that best describes the data distribution.
In the `+jets and alljets channels, the reconstructed mt can be performed using
a kinematic fit to the tt candidate events taking into account the different jet
permutations in the tt hypotheses. The maximum likelihood fit is extended to
two dimensions to use the hadronically decaying W boson to calibrate the jet
energy corrections. In the `` channel, due to the presence of two undetected
neutrinos, the tt kinematics is under constrained. Therefore, it is necessary to
make additional kinematic assumptions to be able to reconstruct mt. With these
assumptions, the event kinematics can be solved and a weight for a given choice
of mt can be determined. One can assign such weights by comparing the calcu-
lated missing transverse energy to the measured value for each event for a given
neutrino assumption (neutrino weighting technique) or the method can be based
on the probability density of observing the measured charged lepton in the rest
frame of the top quark (matrix weighting technique). The statistical power of the
template method can be lower compared with the other methods because it nei-
ther uses the full event information nor gives higher weights to the best-measured
events.
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The template method has been used to measure mt in CDF, D0, ATLAS and
CMS. Table 1 summarizes the latest results for numbers that are not quoted in
the text. Figure 1 shows some examples of the distributions used to extract the
results. The latest CDF measurement in the `+jets (7) uses three observables:
the best and second-best reconstructed mt values and the invariant mass of the
two jets from the hadronically decaying W boson. The probability density func-
tions of signal and background are estimated using a kernel density estimation
method. A template method was also employed simultaneously in the `+jets and
`` channels (8) using the reconstructed mt from the neutrino weighting technique
and a variable related to the transverse mass in events with two missing particles
as observables for the `` channel.
CDF also analyses semileptonic decaying top or antitop quarks without detec-
tion of an electron or a muon but with significant missing transverse energy and
multiple jets (9). The reconstruction algorithm then assumes that all selected
events are `+jets tt events with a missing particle, the W boson. The same
three observables as in the resolved `+jets case yield mt = 173.93± 1.64(stat)±
0.87(syst) GeV. CDF also applies the template method in the alljets channel (10).
D0 uses the template method in the `` channel with the neutrino weighting tech-
nique (11). In this analysis the jet energy calibration from the W boson mass
in the `+jets channel is transferred to the `` event topology. ATLAS uses the
template method in the `+jets channel in two dimensions to simultaneously de-
termine mt with a jet energy correction factor (12). In the `` channel, CMS
utilizes the top-quark mass reconstructed with an analytical matrix weighting
technique (13). This analysis uses the information provided by b-tagging to im-
prove the fraction of correctly assigned jets.
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The second method, the matrix element (ME) method, is a more sophisticated
technique using all measured kinematic quantities in the event to construct an
event-by-event probability and using the leading order (LO) matrix element inte-
grated over the unmeasured quantities. One takes detector effects into account by
integrating resolution functions often called transfer functions. The event proba-
bility is built from signal and background probabilities weighted by their relative
contributions. The signal probability is constructed from the convolution of the
differential cross section with the parton distribution functions and the transfer
functions. The background probability is also built using the appropriate matrix
element. With this method it is also possible to calibrate the jet energy correc-
tion in-situ. Because it uses the full kinematic information, the ME method offers
the best statistical sensitivity and was used at the Tevatron experiments, which
the tt statistics is less abundant than at the LHC. However, this method is CPU
intensive. Both CDF and D0 use this technique in the `+jets and `` channel. In
the latest D0 analysis in the `+jets channel, the ME method was applied with
an in-situ jet energy calibration (14). A flavor-dependent jet response correction
was further applied for MC events.
The third standard method used to measure mt is the ideogram method which
can be considered an approximation of the matrix element method. Her one
calculates a per-event probability of observing the reconstructed mt knowing the
resolution of this reconstructed mass and assuming a true mt value. As in the
ME method, this probability is built from a signal and a background probability.
The signal probability is obtained from a convolution of a Gaussian distribution
for the mass resolution with a Breit-Wigner distribution characterizing the de-
cay of the top quarks, whereas the background probability is taken from MC
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simulation. Typically the performance of this method falls between those of the
template and the matrix element methods for limited tt statistics samples and
is less CPU intenssive than the ME method. This technique was explored at
the Tevatron and was most recently employed by CMS in the `+jets and alljets
channels (15, 16). These analyses used a kinematic fit of the decay products to
a tt hypothesis and two-dimensional likelihood functions for each event to simul-
taneously estimate both the top-quark mass and the jet energy correction. The
background probability was not explicitly included in the probability expression
in the `+jets channel because the impact of the background is negligible after the
final selection (15). In the all-jets channel, this probability was estimated using
an event mixing technique after b-tagging selection where jets are mixed between
the different events according to their order in transverse momentum (pT ) (16).
To further increase our knowledge of mt, one can combine these different mea-
surements. Such a combination has been performed using the BLUE method (17,
18) which accounts for the systematic uncertainty correlations of the input mea-
surements. At the Tevatron, the latest combination, using up to 8.7 fb−1,
yields (19) mt = 173.20 ± 0.51(stat) ± 0.71(syst) GeV. This result corresponds
to a total uncertainty of 0.87 GeV and to a relative precision of 0.50%. At the
LHC, the latest combination, using up to 4.9 fb−1 of data at
√
s = 7 TeV, yields
mt = 173.29± 0.23(stat)± 0.92 GeV (20). This result corresponds to a total un-
certainty of 0.95 GeV and to a relative precision of 0.54%. The first combination
of both Tevatron and LHC measurements leads to a further decrease of the total
uncertainty to: mt = 173.3 ± 0.27stat) ± 0.71syst GeV (21), corresponding to a
total uncertainty of 0.76 GeV and a relative precision of 0.44%.
Despite the precision that has been achieved by the standard methods, some
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questions remain. Indeed, because the top quark is a colored object, it is difficult
to know which mass is really measured. In all standard methods, MC is used to
calibrate the measurements. The mass implemented in MC generators is different
from a well-defined mass. A possible way out is to determine mt with alternative
methods. Such methods can use fewer inputs from MC or can have different
sensitivity to systematic uncertainties compared with the standard analyses.
One idea involves extracting mt from the tt cross section by comparing the
experimental measured tt cross section with the one computed theoretically. Each
depends differently on mt. The advantage of this method is that it allows one
to extract mt in a well-defined renormalization scheme. However this approach
is less precise than direct measurements. D0 determined mt by using the tt
cross section measured in the `+jets channel with 5.4 fb−1 of data; their result
was mt = 167.5
+5.4
−4.9 GeV (22). CMS used the measured `` tt cross section with
2.3 fb−1 at
√
s = 7 TeV, yielding mt = 176.7
+3.8
−3.4 GeV (23).
An alternative method, employed for the first time by CMS in the `` channel,
is called the endpoint method (24). This method relies on the end distribution
of the variable mT2 used as mass estimator that generalizes the usual transverse
mass in the case of pair produced particles with two cascade decays each ending
in an invisible particle. Here one extracts mt by using a maximum-likelihood fit
of the endpoints of three chosen mT2 constructions, taking the object resolution
into account. With this technique, CMS has measured (24): mt = 173.9 ±
0.9(stat)+1.7−2.1(syst) GeV, using 5.0 fb
−1. The precision of this value is already
comparable to the standard measurements in the same channel. Finally, one can
also measure mt by using different observables, such as the lifetime and decay
length of the B-hadrons from the top-quark decay. The lepton pT from the decay
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of the W -boson from the top quark can also be used as a mass estimator. The
advantage of such estimators is that they rely only minimally on calorimeter-
based uncertainties, such as the jet energy scale uncertainty. However, these
methods may be sensitive to the modeling of the top quark production kinematics
or to the calibration of the bottom quaerk decay length or the bottom quark
fragmentation model. CDF employed such alternatives in the `+jets channel (25),
leading to precision of the order of 4%.
2.2 Charge
In the SM, the top quark is the charge +2/3 isospin partner of the b quark.
However, exotic models have been proposed in which the top quark can have
charge -4/3 and still decay to a W boson and a b quark, for an example, see (26).
It remains important to determine the top quark charge experimentally to verify
that the observed top quark is the SM top quark.
The CDF (27) and references therein to earlier measurements, D0 (28), and
ATLAS (29) experiments have all tested the possibility that top quarks have
charge -4/3 and found that the SM value is preferred. The method they used
paired W bosons and bottom quarks from top quark decays in tt¯ events and
determinee the W charge from its leptonic decay and the bottom quark charge
(whether the quark jet is from a bottom or antibottom quark) either from a
soft-lepton tag or from the net charge of the tracks associated with the b jet.
The current best measurement (29) has determined the top quark charge to be
0.64± 0.02(stat)± 0.08(syst) and excludes charge -4/3 at more than 8 standard
deviations.
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3 Top-Quark Decay Properties
3.1 Branching Ratio
The decay rate for t → Wq where q is a down-type quark (q= d, s, b) is pro-
portional to |Vtq|2 where Vtq is the Cabibbo-Kobayashi-Maskawa (CKM) (30)
matrix element. If we assume a unitary CKM matrix, then |Vtb| is constrained to
be nearly equal to one, |Vtb| = 0.999152+0.000030−0.000045 (31). We define R as the ratio of
the branching ratios for top quark decay to Wb and top quark decay to all types
of down quarks:
R ≡ BR(t→Wb)
BR(t→Wq) =
|Vtb|2
|Vtb|2 + |Vts|2 + |Vtd|2 .
Assuming three generations and given our knowledge of Vts and Vtd, R should also
be nearly equal to one, R = 0.99830+0.00004−0.00009 (31). New physics, such as a fourth
generation, could cause the measured value for R to differ from the prediction.
Both the CDF (32)and references therein and D0 (33)and references therein
experiments have both measured R using tt¯ events in the `+jets channel. Their
basic method is to measure the number of tt¯ events with zero, one, or more than
one jet that is identified as a b-quark jet. These numbers can be used to reduce
the systematic uncertainty due to the uncertainty on the b-tagging efficiency and
to simultaneously measure R and the tt¯ production cross section. The current
measurement from D0 uses the combined information from tt¯ events in the `+jets
and `` channels. D0 has measured R = 0.90± 0.04, which is 2.5 σ from the SM
prediction. CDF’s (34) latest result in the ` channel provides R = 0.93 ± 0.04,
whereas CMS (35) has measured R = 1.01 ± 0.03; both are consistent with the
SM prediction.
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3.2 Width
Because mt is well above the Wb threshold, the top quark width is expected to be
dominated by the decay t → Wb. Neglecting higher-order weak corrections and
terms of m2b/m
2
b , the SM predicts the top quark width, (Γt) at next-to-leading
order (NLO) to be (36)
Γt =
GFm
3
t
8pi
√
2
|Vtb|2 (1− M
2
W
M2t
)2 (1 + 2
M2W
M2t
)2 [1− 2αs
3pi
(
2pi2
3
− 5
2
)]
where MW the mass of the W boson, mb is the mass of the bottom quark, GF
the Fermi coupling constant, αs is the strong coupling constant, and Vtb the CKM
ME that provides the strength of the left-handed Wtb coupling. Assuming Vtb = 1
and a top-quark mass of 172.5 GeV, the value of Γt at NLO is 1.33 GeV. A recent
next-to-next-to-leading-order (NNLO) calculation predicts Γt = 1.32 GeV (37).
Of course, new physics can alter the value of Γt from that predicted by the SM.
Both CDF and D0 have measured ΓF . CDF measures the width directly using
the reconstructed top-quark mass for tt¯ events in the `+jets channel (38). They
determine the energy scale for calorimeter jets using an in situ calibration and
an artificial neural network to improve the jet-energy calibration. In addition to
the jet-energy scale, the other dominant systematic uncertainties come from the
choice of the event generator and from uncertainties in color reconnection. For
mt= 172.5 GeV, CDF finds, using 8.7 fb
−1 of data, 1.10 < Γt < 4.05 GeV at 68%
CL.
D0 determines Γt using the partial decay width Γ(t→Wb) and the branching
ratio, BR(t → Wb) (39). The single top-quark production cross section in the
t-channel, σ(t - channel), is used to determine Γ(t → Wb) and BR(t → Wb) is
measured in tt¯ events. The analysis then uses the values of σ(t - channel) and
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Γ(t→Wb) as calculated in the SM to obtain Γt. Using 5.4 fb−1 of data, D0 ob-
tains Γt = 2.00
+0.47
−0.43 GeV. This result is more precise than the direct measurement
by CDF, but has more dependence on theoretical assumptions.
3.3 W Helicity in Top-Quark Decays
In the decay t→Wb, because the W bosons are real particles, their polarizations
can be left-handed, right-handed or longitudinal. The fraction of decays with a
particular polarization are referred to as the helicity fractions and are denoted
FL, FR, and F0 for left-handed, right handed, and longitudinal W polarizations
respectively. For unpolarized top-quark production, in the SM, the helicity frac-
tions are approximately 70% longitudinal and 30% left-handed. At LO and in the
limit of zero b-quark mass, helicity suppression forces FR to vanish. Higher order
corrections modify these predictions slightly. Current NNLO calculations (40)
yield FL = 0.311 ± 0.005, FR = 0.0017 ± 0.0001, and F0 = 0.687 ± 0.005 for
mt= 172.8 ± 1.3 GeV. The helicity fractions can be measured through studies
of the angular distributions of the top quark decay products in tt¯ events. Th
helicity angle, θ∗, is defined as the angle between the W-boson momentum in
the top-quark rest frame and the momentum of the down-type fermion from the
W decay measured in the rest frame of the W boson. The angular distribution
is (41):
1
σ
dσ
d cos θ∗
=
3
8
FL(1− cos θ∗)2 + 3
8
FR(1 + cos θ
∗)2 +
3
4
F0(sin θ
∗)2.
Anomalous Wtb couplings will cause the helicity fractions and the angular
distributions to deviate from their SM values. In effective field theories, one
can introduce dimension-six operators that modify the Wtb vertex, and one can
constrain the coefficients that specify the strength of these anomalous couplings
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by measuring the helicity fractions (42) (43).
The CDF, D0, ATLAS, and CMS experiments have all measured the W boson
polarizations in top quark decays in tt¯ events (44), (45), (46). The experiments
have studied top-quark decays in the `+jets and `` channels. The constraint
FL + F0 + FR = 1 is used in determining the helicity fractions when fitting the
angular distributions. The measurements from all experiments agree with SM
predictions. The current best values for the helicity fractions are from CMS
based on 5.0 fb−1 of data at 7 TeV and are:
FL = 0.319± 0.022 (stat.)± 0.022 (syst.),
F0 = 0.682± 0.030 (stat.)± 0.033 (syst.),
FL = 0.008± 0.012 (stat.)± 0.014 (syst.),
with a correlation coefficient of -0.95 between F0 and FL (46).
3.4 Flavor Changing Neutral Current
In the SM, the top quark is expected to decay nearly all of the time to a W
boson and a bottom quark. The flavor-changing neutral-current decay of the
top quark is suppressed by the GIM mechanism in a similar manner to those of
other quarks. The decay of a top quark to a Z boson and a up or charm quark
occurs only through higher-order diagrams with loops, and the branching ratio
for t → Zq is predicted to be of order 10−14 (47). However, extensions to the
SM can predict enhancements to the branching ratio (BR) for t → Zq and the
CDF (48), D0 (49), ATLAS (50), and CMS (51) experiments have all searched
for the decay in tt¯ events. In these searches, one top quark is assumed to decay to
Wb and the other to Zq where q can be an up or charm quark. The Z bosons are
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identified by their decays to e+e− or µ+µ− pairs, and the W bosons are required
to decay to a electron or muon and a neutrino. None of the experiments observed
an excess of events over standard model backgrounds. The best current limit is
that BR(t → Zq) greater than 0.05% is excluded at 95% CL. This limit is from
CMS (51) and is based on 5.0 fb−1 and 19.7 fb−1 of data collected at 7 TeV and
8 TeV, respectively.
4 Top-Quark Properties dependent on Production
4.1 Top-Quark Polarization
The top-quark decay width (∼ 1 GeV, see Section 3.2) is much larger than the
QCD hadronization scale (ΛQCD ∼ 0.1 GeV) and much larger than the spin
decorrelation scale (Λ2QCD/mt ∼ 0.1 MeV). Therefore, any polarization of the
top-quark or any spin correlations in top quark pair production are reflected in
angular correlations of the decay products (52,53).
The decay products from a polarized top quark have their moment vectors
correlated with the top quark spin axis as follows:
1
ΓT
dΓ
d cosχi
= (1 + αi cosχi)/2, where αi =

+1.0 (+0.998) l+
+1.0 (+0.966) d¯-quark
−0.31 (−0.314) ν¯
−0.31 (−0.317) u-quark
−0.41 (−0.393) b-quark
at LO with the NLO results in parenthesis (54). Here χi is the angle between the
decay product and the spin axis in the top quark rest frame. The net polarization
of the top quark can be measured from the correlations of decay products with
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the spin axis:
1
σ
dσ
d cosχi
= (1 + Pt αi cosχi)/2
where Pt is the top quark polarization. In the SM, this is expected to be small,
P ≈ 0.003, and driven by electroweak correction (55).
ATLAS has measured the production of Ptαl for the two possibilities that top
and anti-top have the same polarization [i.e., are CP conserving (CPC)] and that
they have opposite polarization [i.e., are CP violating(CPV)] (56). The results
are
PCPCt αl = −0.035± 0.014± 0.037 and PCPVt αl = 0.020± 0.016+0.013−0.017.
For CMS, the top quark polarization P in the helicity basis is given by Pt = 2AP
where:
AP =
N(cosχl > 0)−N(cosχl < 0)
N(cosχl > 0) +N(cosχl < 0)
AP has a measured value of 0.005 ± 0.013 ± 0.020 ± 0.008, assuming CP invari-
ance (57).
4.2 tt Charge Asymmetry
Measuring the charge asymmetry in top-quark production is a test of discrete
symmetries of the strong interaction. In the tt¯ center of mass frame, top quarks
(antitop quarks) are produced preferentially in the direction of the incoming
quark (antiquark) because of an NLO QCD effect that is present only for asym-
metric initial states such as qq¯ and qg. The predicted SM asymmetry at the
Tevatron is quite modest, and even smaller at the LHC. However, new physics,
such as a new boson with a charge or parity violating component, could enhance
the effect and result in a much larger measured asymmetry (60,61,62,63,64,65,66).
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Because the top quarks at the Tevatron are produced in an asymmetric (proton-
antiproton) initial state, the charge asymmetry manifests itself as a forward-
backward asymmetry.
AFB =
N(∆y > 0)−N(∆y < 0)
N(∆y > 0) +N(∆y < 0)
(1)
where ∆y is the rapidity difference between the top and the anti-top quark,
and forward (backward) in the direction of the incoming proton (antiproton).
The most recent calculations at NLO including electroweak corrections predict
AFB = 8.8± 0.6% at the Tevatron (
√
s = 1.9 TeV proton-antiproton collisions)(58,
59). The measurement of the top quark charge asymmetry has generated a great
deal of interest within the past decade because measurements of the asymmetry
at both the CDF and D0 experiments have been somewhat larger than the SM
prediction (67,68,69,70,71,72,73,74). Measurements at CDF have reported that
the measured asymmetry depends on event kinematics. In particular, the asym-
metry is larger at higher mtt¯ and |∆y|. D0 observed no significant increase at
larger mtt¯. Figure 2 summarizes the latest inclusive measurements.
At the LHC, the symmetric proton-proton collisions do not define a forward and
backward direction. Furthermore, top quarks are usually produced from gluon-
gluon fusion, which does not lead to charge asymmetry. However, a fraction
of collisions do come from quark-antiquark interactions, in which the antiquark
originates from the proton sea. The antiquarks from the sea tend to have far less
momentum than do valence quarks, causing top (antitop) quarks to be preferen-
tially produced at higher (lower) rapidity. Figure 3 depicts the distributions of
top and antitop quarks as a function of rapidity for the Tevatron and LHC.
The charge asymmetry can then be probed by measuring
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AC =
N(∆|y| > 0)−N(∆|y| < 0)
N(∆|y| > 0) +N(∆|y| < 0) (2)
where ∆|y| = |yt| − |yt¯| is the difference between the magnitude of the top quark
rapidity and the magnitude of the anti top quark rapidity. Recent calculations
at NLO, including electroweak corrections, predicted AC = 1.23± 0.05% at the
LHC (
√
s = 7 TeV for pp collisions) (59). ATLAS and CMS measurements of
the charge asymmetry (at
√
s = 7 utilizing 5 fb−1 of data) have not observed
any significant deviation from the SM (Figure 4 (75, 76, 77, 78, 79)). ATLAS
and CMS have also performed differential measurements as a function of mtt¯,
rapidity, and transverse momentum, and have not observed deviations from the
SM. However, because the data are dominated by tt¯ events produced from gluon
fusion, uncertainties on these measurements are still too large to make a definitive
statement about the Tevatron results.
Measurements at the LHC and the Tevatron are performed similarly. All cur-
rent published analyses selected tt¯ events in the semileptonic decay channel, by
requiring events with exactly one isolated, high-pT lepton; a large amount of
missing transverse energy; and several (three or more) high-pT jets.
A topological algorithm is used to reconstruct the kinematics of both the top
and antitop quarks from the observed decay products. To properly reconstruct
the masses of the top quark, the antitop quark, and the intermediary decaying
W bosons, this algorithm decides which jets must match to which partons. The
momentum along the beam axis is also reconstructed. Reconstructing the top
events is of course not perfect. Approximately 50% of events at both the Teva-
tron and LHC simply lose a parton from tt¯ decay during selection. Furthermore,
in events wherein all partons were found in jet selection, the reconstruction al-
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gorithm matches them to the correct jets with an efficiency of roughly 60-70%.
A regularized unfolding procedure is employed in all analyses to correct for the
smearing of the top quark kinematics. To first order, the unfolding technique
can be though of as matrix inversion from the reconstructed rapidity distribution
to the corrected (unfolded) rapidity distribution. The unfolding ME quantifies
the bin-by-bin smearing for tt¯ events, which is built from MC simulations. The
asymmetry is then measured simply from the unfolded ∆y distribution. The
predicted distribution of ∆y for backgrounds is subtracted from data before un-
folding. When properly employed, the unfolding technique is fairly model inde-
pendent, as long as kinematic distributions that are correlated to reconstruction
efficiency are similar to the MC simulation used to derive the smearing matrix.
Currently, published measurements of the charge asymmetry are still statisti-
cally limited even when using the full 5 fb−1 of 7 TeV data for both the CMS
and ATLAS experiments. However, systematic uncertainties are expected to be
dominant for measurements of the charge asymmetry using the 20 fb−1 data set
at 8 TeV, as well as for anticipated higher-luminosity measurements (300 fb−1
and 3,000 fb−1) with the data sets at 14 TeV. Systematic uncertainties taken
into account in measurements of the charge asymmetry include those from de-
tector effects (such as jet energy scale/resolution, lepton energy scale/resolution,
and pileup), modeling (such as MC generator and hadronization, MC-derived
backgrounds, and parton distribution function uncertainties), and measurement
techniques (such as unfolding). The leading two systematics in each measure-
ment are either simulation modeling uncertainties or calibration uncertainties for
leptons and jets. Without improvements in technique, these uncertainties will
not necessarily scale with integrated luminosity.
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The pseudorapidity of charged leptons in tt¯ event candidates can also be used
to probe the charge asymmetry. Although the predicted asymmetry is much
smaller (∼ 0.4%), this technique prevents complications associated with recon-
structing and unfolding the top and anti-top quarks in the event. The lepton-
based asymmetry is performed similarly to the reconstructed top quark measure-
ments. Both CDF and D0 have measured the single-lepton asymmetry (Al) in
top quark events:
Al =
N(ql · ηl > 0)−N(ql · ηl < 0)
N(ql · ηl > 0) +N(ql · ηl < 0) (3)
where ql is the charge of the lepton and ηl the pseudo rapidity. D0 has also
probed the charge asymmetry using both leptons in `` top quark decays. The ``
asymmetry is defined as
All =
N(∆η > 0)−N(∆η < 0)
N(∆η > 0) +N(∆η < 0)
(4)
where ∆η = ηl+−ηl− is the rapidity difference between the positive and negative
charged leptons. Figure 2 shows results from CDF (81,82) and D0 (83,84) for the
lepton-based asymmetries. Similar to Tevatron results for the reconstructed top
quark asymmetry, the lepton-based results are within two σ of the SM prediction.
CMS has also recently published an asymmetry measurement using leptons (85),
in agreement with the SM prediction.
As note above, some of the measurements by CDF and D0 show a top quark
forward-backward asymmetry that is larger than predicted by the SM, and CDF
has published evidence that the asymmetry is larger for higher invariant tt¯ mass
leading to a great interest in the theoretical community. Following Reference (80),
we classify the proposed new physics models possibly that may explain the results
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as having the following:
• Z ′: A neutral color isospin-singlet vector boson exchanged in uu¯ → tt¯
through the t-channel.
• W ′: A charged color and isospin singlet vector exchanged in dd¯ → tt¯
through the t-channel.
• Gµ: A neutral color-octet boson with axial vector couplings (axigluon) ex-
changed in qq¯ → tt¯ through the s-channel.
• φ: A scalar doublet which contains neutral and charged scalars exchanging
top quarks to the first generation through the t-channel.
• ω4: Color-triplet scalar with charge 4/3, containing both neutral and charged
scalars. Exchanged in uu¯→ tt¯.
• Ω4: Color sextet scalar with charge 4/3.
Because of the different initial states and production mechanisms, results from
the Tevatron and LHC cannot be directly compared. However, new physics mod-
els such as these can be used to make predictions at both machines, and therefore
serve as a Rosetta stone of sorts to compare results. As shown in Figure 4, most
of the considered models still have available phase space that agree within the
uncertainties of both the Tevatron and LHC charge asymmetry measurements.
ATLAS and CMS measurements performed with the 8 TeV 20 fb−1 data set are
underway, and will lead to results with roughly equal-magnitude statistical and
systematic uncertainties. The 14-TeV run at the LHC will quickly produce results
at twice the energy with larger datasets. However, the asymmetry is predicted
to be smaller than 14 TeV; therefore, the sensitivity of these measurements may
be affected. Although the anticipated results should be sufficient to severely con-
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strain many new physics models, systematic uncertainties will remain a challenge
in the measurement of the charge asymmetry predicted by the SM at NLO QCD.
4.3 tt Spin Correlations
The QCD hadronization scale (ΛQCD ∼ 0.1 GeV) is much larger than the spin
decorrelation scale (Λ2QCD/mt ∼ 0.1 MeV). Therefore, any spin correlations in
top quark pair production are reflected in angular correlations of the decay prod-
ucts (52,53).
For top quark pair production via quark-antiquark annihilation or unlike-
helicity gluon fusion, there exists a spin axis such that the top quarks are produced
in only the up-down or down-up configuration, namely parallel, given that the
spin axes are back to back:
qLq¯R, qLq¯R, gLgR, gRgL → tU t¯D + tD t¯U .
No combinations tU t¯U or tD t¯D are produced, see figure 5. This spin basis is
known as the off-diagonal basis (86,87), and the spin axis makes an angle Ω with
respect to the top quark momentum direction in the zero mass frame (ZMF). In
the ZMF, this angle is given by
tan Ω = (1− β2) tan θ = 1
γ2
tan θ
where β and θ represent the speed and the scattering angle of the top quark,
respectively. Note that at threshold, Ω = θ and the spin axis is aligned along
the beam line, whereas at ultra-high energies, Ω = 0 and the spin axis is aligned
along the direction of motion of the top quark.
For top quark pair production via like helicity gluon fusion in the helicity basis,
the top quarks are produced in only the left-left or right-right configuration, that
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is, antiparallel:
gLgL, gRgR → tLt¯L + tRt¯R.
No combinations tLt¯R or tRt¯L are produced in the like helicity gluon fusion process
(Figure 6).
The dominant effect of the spin correlations is to correlate the angles of the
decay products between the top quark and antitop quark, that is, between χi and
χ¯i¯. This correlation is given by
1
σT
d2σ
d cosχi d cos χ¯i¯
=
1
4
(1 + Ctt¯ αiαi¯ cosχi cos χ¯i¯)
where the spin correlation coefficient, Ctt¯ , is expected to have the following values
in the SM:
Ctt¯ ≡
σ↑↑ + σ↓↓ − σ↑↓ − σ↓↑
σ↑↑ + σ↓↓ + σ↑↓ + σ↓↑
=

−0.456 (−0.389) Helicity at Tevatron
+0.910 (+0.806) Beamline at Tevatron
+0.918 (+0.913) Off −Diagonal at Tevatron
+0.305 (+0.311) Helicity at LHC(14 TeV),
These values are at LO; NLO values are in parentheses (54). At the LHC, the
coefficient Ctt¯ in the off-diagonal and beamline bases is small, < 0.10.
Both CDF and D0 have measurements of these spin correlation in top quark
pair production. CDF (90), has measured the spin correlation coefficient in the
helicity basis given by Ctt¯ = 0.60± 0.50 (stat.)± 0.16 (syst.), which is consistent
with the QCD prediction, Ctt¯ ≈ 0.40. The D0 (91, 92), measurement of this
spin correlation coefficient is consistent with the SM, and D0 has also applied a
ME approach to this measurement. Combining these two measurements, D0 has
obtained 3.1 σ evidence for SM spin correlations in top quark pair production.
However, interference effects occur between the various spin components of the
tt¯ system, for example, between tLt¯L and tRt¯R for like-helicity gluon fusion, which
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leads to azimuthal correlations between the decay products:
1
σT
dσ
d∆φ
=
1
2
(1−D cos ∆φ)
where in the ZM frame, the azimuthal correlations along the production axis are
given by (88)
D =

+0.132 Tevatron
−0.353 LHC(14 TeV).
The azimuthal correlations about the beam axis in the Laboratory frame for
the `` events are discussed in Reference (87). These azimuthal correlations are
easier to observe than the other angular correlations. In fact, they have been
observed, at the 5 σ level, by both the Atlas (89) and CMS (57) experiments at
the LHC (Figure 7).
4.4 tt Production in association with Electroweak Boson
Although the top quark was discovered almost 20 years ago, we still know very
little about its couplings to the electroweak bosons. New physics connected with
electroweak symmetry breaking can manifest itself as a deviation in these cou-
plings from the SM prediction. Models like technicolor or new strongly coupled
Higgs bosons could alter the production of the top quark in association with
vector bosons. The measurement of ttγ cross section could also constrain the
existence of excited top quark decaying into t∗ → tγ. Thus, measuring tt¯ pairs in
association with electroweak bosons is a key test of the validity of the SM at the
TeV scale. Moreover, note that the ttγ final state is an important control sample
for the ttH process in which H → γγ. This process is an interesting production
mode to measure the top quark-Higgs Yukawa coupling. However, the cross sec-
tions of tt¯ pairs in association with electroweak bosons are small, so to date only
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a limited number of such measurements have been performed at colliders.
CDF has measured the ratio of the ttγ to tt production cross sections. This
ratio allows for cancellation of some of the systematic effects and thus is more
sensitive than the measurement of the ttγ cross section alone (93). The analysis
was performed in the `+jets channel using 6 fb−1 of data. The ttγ process
was selected with the same kinematic cuts than the tt final state but with a
requirement for an isolated photon with transverse energy of more than 10 GeV.
The largest background comes from jet misidentified as photon and is evaluated
in data using control samples. CDF finally measures σttγ = 0.18 ± 0.07(stat) ±
0.04(syst) ± 0.01(lumi) pb corresponding to the first evidence (3.0 σ) for this
process. The result is agrees with the SM prediction of 0.071± 0.011 pb.
CMS, using 5 fb−1 of data, published the first measurement of vector boson
production associated with a tt pair (94). This analysis was conducted with ```
and same-sign `` signatures. The ``` final state could originate from ttZ in the
`+jets channel, whereas Z → `` (where ` = e or µ). In this channel, two same-
flavor, opposite-charge electrons or muons are selected with an invariant mass
close to the Z mass. The third lepton is required to have a lower (¿ 10 GeV)pT
than that of the other two (¿ 20 GeV). The main background comes from Drell-
Yan process with an additional lepton reconstructed from hadronization products
and WZ events. The same-sign dilepton analysis searches for ttV events from ttW
in the `+jets channel. ttV events can also originate from ttZ with a decay chain
like in the ``` channel described above. The same-sign final state benefits from
little background from SM processes (WZ, ZZ, Zγ, Wγ, WW ). The dominant
background in this channel comes from nonprompt leptons or misreconstruction
effects. Both the ttZ and ttV cross section measurements are currently limited
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by statistics and are compatible with the SM predictions. Figure 8 shows the
results. The ttZ (ttV ) signal has been established with a significance of 3.3σ
(3.0σ).
5 Conclusion
The accuracy of the measurements of properties of the top quark has improved
steadily for the past two decades, as the number of top quarks available for study
has increased from the few tens used for discovery to tens of thousands now.
The mass of the top quark has been determined to an impressive accuracy of
better than 1%. The accuracy of the measurements of many other properties
is approaching the few-percent level as well. Despite a few tantalizing hints, all
the properties of the top quark remain consistent with expectations from the
SM. With the approaching increase in the energy and luminosity of the LHC,
significantly larger samples of top quarks will become available in a few years,
and studies of the properties of top quarks will continue to improve. Whether
the top quark will play an important role in any discovery of new physics remains
to be determined. However, given its unique particles properties, the top quark
will remain an important focus in studying SM particle physics and in searches
for physics beyond it.
Literature Cited
1. CDF Collaboration, Phys. Rev. Lett. 74, 2626 (1995).
2. D0 Collaboration, Phys. Rev. Lett 74, 2632 (1995).
3. CDF Collaboration, Phys. Rev. D 71, 032001 (2005).
Top Quark 27
4. D0 Collaboration, Nucl. Instr. Methods Phys. Res. A, 565 463 (2006).
5. ATLAS Collaboration, JINST 03, S08003 (2008).
6. CMS Collaboration JINST 03, S08004 (2008).
7. CDF Collaboration, Phys. Rev. Lett. 109, 152003 (2012).
8. CDF Collaboration, Phys. Rev. D 83, 111101 (2011).
9. CDF Collaboration, Phys. Rev. D 88, 011101 (2013).
10. CDF Collaboration, Phys. Lett. B 714, 24 (2012).
11. D0 Collaboration, Phys. Rev. D 86, 051103 (2012).
12. ATLAS Collaboration, Eur. Phys. J. C 72, 2046 (2012).
13. CMS Collaboration, Eur. Phys. J. C 72, 2202 (2012).
14. V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 113, 032002 (2014)
doi:10.1103/PhysRevLett.113.032002 [arXiv:1405.1756 [hep-ex]].
15. CMS Collaboration, JHEP 1212, 105 (2012).
16. S. Chatrchyan et al. [CMS Collaboration], Eur. Phys. J. C 74, no. 4, 2758
(2014) doi:10.1140/epjc/s10052-014-2758-x [arXiv:1307.4617 [hep-ex]].
17. L. Lyons, D. Gibaut, and P. Clifford, Nucl. Instrum. Methods in Phys. Res.
Sect. A 270, 110 (1988).
18. A. Valassi, Nucl. Instrum. Methods in Phys. Res. Sect. A 500, 391 (2003).
19. CDF and D0 Collaborations, arXiv:1305.3929.
20. ATLAS and CMS Collaborations, ATLAS-CONF-2013-102, CMS PAS TOP-
13-005.
21. [ATLAS and CDF and CMS and D0 Collaborations], arXiv:1403.4427 [hep-
ex].
22. D0 Collaboration, Phys. Lett. B 703, 422 (2011).
23. CMS Collaboration, Phys. Lett. B 728, 496 (2013).
28 TopQuark
24. CMS Collaboration, Eur. Phys. J. C 73, 2494 (2013).
25. CDF Collaboration, Phys. Rev. D 81, 032002 (2010).
26. D. Chang, W.F. Chang, and E. Ma, Phys. Rev. D 59, 091503 (1999).
27. CDF Collaboration, Phys. Rev. D 88, 032003 (2013) and references therein
to earlier measurements.
28. D0 Collaboration, Phys. Rev. Lett 98, 41801 (2007).
29. ATLAS Collaboration, JHEP 1311, 031 (2013).
30. N. Cabbibo, Phys. Rev. Lett. 10, 531 (1963); M Kobayashi and T. Maskawa,
Prog. Theor. Phys. 49, 652 (1973).
31. Particle Data group, Phys. Rev. D 86, 010001, (2012).
32. Phys. Rev. D 87, 111101, (2013) and references therein.
33. D0 Collaboration, Phys. Rev. Lett. 107, 121802 (2011) and references therein.
34. T. A. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 112, no. 22,
221801 (2014) doi:10.1103/PhysRevLett.112.221801 [arXiv:1404.3392 [hep-
ex]].
35. V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 736, 33 (2014)
doi:10.1016/j.physletb.2014.06.076 [arXiv:1404.2292 [hep-ex]].
36. M. Jezabek and J.H. Kuhn, Nucl. Phys. B 314, 1 (1989).
37. J.Gao, C.S. Li, and H.X. Zhu, Phys. Rev. Lett. 100, 042001 (2013).
38. CDF Collaboration, Phys. Rev. Lett. 111, 202001 (2013).
39. D0 Collaboration, Phys. Rev. D 85, 091104(R) (2012).
40. A. Czarnecki, J.G. Korner, and J.H. Piclum, Phys. Rev. D 81, 111503 (2010).
41. G.L. Kane, G. Ladinsky, and C. Yuan, Phys. Rev. D 45, 124 (1992).
42. J.A. Aguilar-Saavedra, Nucl. Phys. B 812, 181 (2009).
43. C. Zhang and S. Willenbrock, Phys. Rev. D 83, 034006 (2011).
Top Quark 29
44. CDF and D0 Collaborations, Phys. Rev. D 85, 091104 (2012) and references
therein to the measurements by the individual collaborations.
45. ATLAS Collaboration, JHEP 1206, 088 (2012).
46. CMS Collaboration, submitted to JHEP (2013).
47. J.A. Aguilar-Saavedra et al., Acta. Phys. Polon. B 115 (2004).
48. CDF Collaboration, Phys. Rev. Lett. 101, 192002 (2008).
49. D0 Collaboration, Phys. Lett. B 701, 313 (2011).
50. ATLAS Collaboration, JHEP 1209, 139 (2012).
51. S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. Lett. 112, no. 17,
171802 (2014) doi:10.1103/PhysRevLett.112.171802 [arXiv:1312.4194 [hep-
ex]].
52. G. Mahlon and S. J. Parke, Phys. Rev. D 53, 4886 (1996).
53. T. Stelzer and S. Willenbrock, Phys. Lett. B 374, 169 (1996).
54. W. Bernreuther, A. Brandenburg, Z. G. Si and P. Uwer, Phys. Rev. Lett. 87,
242002 (2001).
55. W. Bernreuther and Z. -G. Si, Physics Letters B 725, no. 1-3, 115 (August
2013) [arXiv:1305.2066 [hep-ph]].
56. ATLAS Collaboration, Phys. Rev. Lett. 111, 232002 (2013).
57. CMS Collaboration, arXiv:1311.3924 [hep-ex].
58. W. Hollik and D. Pagani, Phys. Rev. D84, 093003 (2011).
59. W. Bernreuther and Z.G. Si, Phys. Rev. D86, 034026 (2012).
60. S. Jung, A. Pierce, and J.D. Wells, Phys. Rev. D83, 114039 (2011).
61. O. Antun˜ano, J.H. Ku¨hn, and G. Rodrigo, Phys. Rev. D77, 014003 (2008) .
62. P. Ferrario and G. Rodrigo,Phys. Rev. D78, 094018 (2008) .
63. J. Shu, T.M. Tait, and K. Wang, Phys. Rev. D78, 094018 (2008).
30 TopQuark
64. S. Jung, H. Murayama, A. Pierce, and J.D. Wells, Phys. Rev. D81, 015004
(2010).
65. B. Grinstein, A.L. Kagan, M. Trott, and J. Zupan, Phys. Rev. Lett. 107,
012002 (2011).
66. P.H. Frampton, J. Shu, and K. Wang,Phys. Lett. B683, 294 (2010).
67. CDF Collaboration,Phys. Rev. Lett. 101, 202001 (2008).
68. CDF Collaboration, Phys. Rev. D83, 112003 (2011).
69. CDF Collaboration, Phys. Rev. D87, 092002 (2013).
70. T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 111, no. 18, 182002
(2013) doi:10.1103/PhysRevLett.111.182002 [arXiv:1306.2357 [hep-ex]].
71. D0 Collaboration, Phys. Rev. Lett. 100, 142002 (2008).
72. D0 Collaboration, Phys. Rev. D84, 112005, (2011).
73. V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D 87, no. 1, 011103
(2013) doi:10.1103/PhysRevD.87.011103 [arXiv:1207.0364 [hep-ex]].
74. V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D 90, 072011 (2014)
doi:10.1103/PhysRevD.90.072011 [arXiv:1405.0421 [hep-ex]].
75. CMS Collaboration, Phys. Lett. B 709, 28 (2012).
76. CMS Collaboration,Phys. Lett. B 717, 129 (2012).
77. S. Chatrchyan et al. [CMS Collaboration], JHEP 1404, 191 (2014)
doi:10.1007/JHEP04(2014)191 [arXiv:1402.3803 [hep-ex]].
78. ATLAS Collaboration, Eur. Phys. J. C72, 2039 (2012).
79. G. Aad et al. [ATLAS Collaboration], JHEP 1402, 107 (2014)
doi:10.1007/JHEP02(2014)107 [arXiv:1311.6724 [hep-ex]].
80. J.A. Aguilar-Saveedra and M.Pe´rez-Victoria,Phys. Rev. D84, 115013 (2011).
81. CDF Collaboration, Phys. Rev. D 88, 072003 (2013).
Top Quark 31
82. T. A. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 113,
042001 (2014) Erratum: [Phys. Rev. Lett. 117, no. 19, 199901 (2016)]
doi:10.1103/PhysRevLett.113.042001, 10.1103/PhysRevLett.117.199901
[arXiv:1404.3698 [hep-ex]].
83. D0 Collaboration, Phys. Rev. D 88, 112002 (2013).
84. V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D 90, 072001 (2014)
doi:10.1103/PhysRevD.90.072001 [arXiv:1403.1294 [hep-ex]].
85. S. Chatrchyan et al. [CMS Collaboration], JHEP 1404, 191 (2014)
doi:10.1007/JHEP04(2014)191 [arXiv:1402.3803 [hep-ex]].
86. S. J. Parke and Y. Shadmi, Phys. Lett. B 387, 199 (1996).
87. G. Mahlon and S. J. Parke, Phys. Rev. D 81, 074024 (2010).
88. W. Bernreuther and Z. -G. Si, Nucl. Phys. B 837, 90 (2010).
89. ATLAS Collaboration, Phys. Rev. Lett. 108, 212001 (2012).
90. CDF Collaboration, Phys. Rev. D 83, 031104 (2011).
91. D0 Collaboration, Phys. Lett. B 702, 16 (2011).
92. D0 Collaboration, Phys. Rev. Lett. 108, 032004 (2012).
93. CDF Collaboration, Phys. Rev. D 84, 031104 (2011).
94. CMS Collaboration, Phys. Rev. Lett. 110, 172002 (2013).
95. J. M. Campbell and R. K. Ellis, JHEP 1207, 052 (2012)
doi:10.1007/JHEP07(2012)052 [arXiv:1204.5678 [hep-ph]].
96. M. V. Garzelli, A. Kardos, C. G. Papadopoulos and Z. Trocsanyi, JHEP
1211, 056 (2012) doi:10.1007/JHEP11(2012)056 [arXiv:1208.2665 [hep-ph]].
32 TopQuark
Table 1: Best top-quark mass measurement per analysis channel by the CDF,
D0, ATLAS and CMS experiments.
Channel mt (GeV) method, luminosity and Ref.
`+jets CDF: 172.85± 0.71(stat)± 0.85(syst) template, 8.7 fb−1 (7)
D0: 174.94± 0.83(stat)± 1.24(syst) matrix element, 3.6 fb−1 (14)
ATLAS: 174.5± 0.6(stat)± 2.3(syst) template, 1.0 fb−1 (12)
CMS: 173.49± 0.27(stat)± 1.03(syst) ideogram, 5.0 fb−1(15)
`` CDF: 170.3± 2.0(stat)± 3.1(syst) template, 5.6 fb−1 (8)
D0: 174.0± 2.4(stat)± 1.4(syst) template, 5.3 fb−1 (11)
CMS: 172.5± 0.4(stat)± 1.5(syst) template, 5.0 fb−1 (13)
alljets CDF: 172.5± 1.4(stat)± 1.5(syst) template, 5.8 fb−1 (10)
CMS: 173.49± 0.69(stat)± 1.21(syst) ideogram, 3.5 fb−1 (16)
Top Quark 33
)2 (GeV/crecotm
100 150 200 250 300 350
)2
Ev
en
ts
/(5
 G
eV
/c
0
50
100
150
200
250 )-1Data (8.7 fb
Signal+Bkgd
Bkgd only
Tagged
(a)
(b)
Figure 1: (a) Distribution of the best reconstructed mt in `+jets channel by
CDF using a template method (7); (b) Two-dimensional likelihood to measure
mt with the jet energy correction in the `+jets channel by CMS using a ideogram
method (15).
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Figure 2: Recent measurements of the top quark forward backward asymmetry
at the Tevatron, and the forward charge asymmetry at the LHC. The grey bands
show the standard model predictions.
Figure 3: Graphical representation of top quark and anti-top quark rapidity
distributions at the LHC (p-p collisions) and the Tevatron (p-p¯ collisions).
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Figure 4: Predictions of the charge asymmetry at the LHC and the Tevatron for
several new physics models compared to current measurements (80).
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Figure 5: Spin correlations for the production of top quark pairs via unlike helicity
gluon fusion or quark-antiquark annihilation.
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Figure 6: Spin correlations for the production of top quark pairs via like helicity
gluon fusion.
3
The event selection rejects Z/γ∗+jets events with low
invariant mass and those with invariant mass near the
Z-boson mass. However Z/γ∗+jets events with an e+e−
or µ+µ− invariant mass outside of these regions can en-
ter the signal sample when there is large EmissT , typi-
cally from mismeasurement. These events are difficult to
properly model in simulations due to uncertainties on the
non-Gaussian tails of the EmissT distribution, on the cross
section for Z-boson production with multiple jets, and on
the lepton energy resolution. The Z/γ∗+jets background
in dielectron and dimuon events is evaluated using a data-
driven (DD) technique in which the MC simulation yield
of Z/γ∗+jets events is normalized to the data using a
control region defined by a dilepton invariant mass within
10 GeV of the Z-boson mass [40].
The backgrounds from events with misidentified (fake)
leptons, primarily from W+jets events, are evaluated
from data using a matrix method [43]. The matrix
method makes use of the efficiency of real lepton identi-
fication and rate of lepton misidentification measured in
several control regions, which are chosen to be enhanced
in different sources of fake leptons [40]. Contributions
from real leptons due to W+jets events in the fake lep-
ton control region are subtracted using MC simulation.
Comparisons of data and MC simulation in control re-
gions are used to tune the rates to the expected signal
region composition. The fake lepton yield is then esti-
mated by weighting each event in a sample containing
one or two loosely-identified leptons.
The contributions from other electroweak background
processes with two real leptons, such as single top, Z →
ττ , WW , ZZ and WZ production are determined from
MC simulations normalized to the theoretical predic-
tions. The expected numbers of signal and background
events are compared to data in Table I. The number
of observed events in each channel is: 477 for the e+e−
channel, 906 for the µ+µ− channel and 2930 for the e±µ∓
channel, which dominates the total yield due to the looser
selection criteria.
TABLE I. Observed dilepton yield in data and the expected
signal and background composition from MC and DD sam-
ples. Systematic uncertainties are included.
Z/γ∗(→ e+e−/µ+µ−)+jets (MC+DD) 64+11−16
Z/γ∗(→ ττ )+jets (MC) 175 ± 29
Fake leptons (DD) 160+140−70
Single top (MC) 197 ± 21
Diboson (MC) 148 ± 20
Total (non-tt¯) 740+150−80
tt¯ (MC) 3530+280−340
Total expected 4270+320−350
Observed 4313
A binned log-likelihood fit is used to extract the spin
correlation from the ∆φ distribution in data. The fit in-
cludes a linear superposition of the distribution from SM
tt¯ MC simulation with coefficient fSM, and from the un-
correlated tt¯ MC simulation with coefficient (1 − fSM).
The e+e−, µ+µ− and e±µ∓ channels are fitted simulta-
neously with a common value of fSM, a tt¯ normalization
that is allowed to vary (per channel) and a fixed back-
ground normalization. The fitted tt¯ normalizations are in
agreement with the theoretical prediction of the produc-
tion cross section [44]. Negative values of fSM correspond
to an anti-correlation of the top and antitop quark spins.
A value of fSM = 0 implies that the spins are uncorre-
lated and values of fSM > 1 indicate a larger strength of
the tt¯ spin correlation than predicted by the SM. The ex-
traction of fSM using the fitting procedure has been ver-
ified over a wide range of possible values, −1 ≤ fSM ≤ 2,
using MC simulation pseudo-experiments with full detec-
tor simulation.
Figure 2 shows the reconstructed ∆φ distribution for
the sum of the three dilepton channels in data. SM and
uncorrelated tt¯ MC samples are overlaid along with the
expected backgrounds.
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FIG. 2. Reconstructed charged lepton ∆φ distribution for
the sum of the three dilepton channels. The integrated num-
ber of events for both the SM and the uncorrelated tt¯ samples
is fixed to the value from the fit. MC background samples are
normalized using their predicted cross sections and the DD
method in the case of Z/γ∗+jets. The fake lepton background
is evaluated from data.
Systematic uncertainties are evaluated by applying the
fit procedure to pseudo-experiments created from MC
samples modified to reflect the systematic variations.
The fit of fSM is repeated to determine the effect of each
systematic uncertainty using the nominal templates. The
difference between the means of Gaussian fits to the re-
sults from many pseudo-experiments using nominal and
modified pseudo-data is taken as the systematic uncer-
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Figure 1: Background-subtracted and unfolded differential cross sections for Df`+`  ,
co (q`+) cos(q` ), and cos(q`). The error bars represent statistical uncertainties only, while the
systematic uncertainty band is represented by the hatched area. The bin contents are correlated
due to the unfolding.
butions unfolded to the parton level. The results are in agreement with the standard model
predictions for all three measured variables.
Table 2: Parton-level asymmetries. The uncertainties in the unfolded results are statistical, sys-
tematic, and the additional uncertainty from the top-quark pT reweighting. The uncertainties
in the simulated results are statistical only, while the uncertainties in the NLO calculations for
correlated and uncorrelated tt spins come from scale variations up and down by a factor of
two. The prediction for Ac1c2 is exactly zero in the absence of spin correlations by construction.
Asymmetry Data (unfolded) MC@NLO NLO (SM, correlated) NLO (uncorrelated)
ADf 0.113± 0.010± 0.007± 0.012 0.110± 0.001 0.115+0.014 0.016 0.210+0.013 0.008
Ac1c2  0.021± 0.023± 0.027± 0.010  0.078± 0.001  0.078± 0.006 0
AP 0.005± 0.013± 0.020± 0.008 0.000± 0.001 N/A N/A
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Figure 7: The differential distribution of the Lab ∆φl+l− of the dilepton top
quark pair events for A LAS (left) and CMS (right).
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Figure 8: Summary of the CMS ttZ and ttV cross-section measurements. The
Standard Model predictions (gray boxes) are shown for comparison (94).
